Human immunodeficiency virus type 1 (HIV-1) nucleocapsid protein (NC) is a nucleic acid chaperone that facilitates the remodeling of nucleic acids during various steps of the viral life cycle. Two main features of NC's chaperone activity are its abilities to aggregate and to destabilize nucleic acids. These functions are associated with NC's highly basic character and with its zinc finger domains, respectively. While the chaperone activity of HIV-1 NC has been extensively studied, less is known about the chaperone activities of other retroviral NCs. In this work, complementary experimental approaches were used to characterize and compare the chaperone activities of NC proteins from four different retroviruses: HIV-1, Moloney murine leukemia virus (MLV), Rous sarcoma virus (RSV), and human T-cell lymphotropic virus type 1 (HTLV-1). The different NCs exhibited significant differences in their overall chaperone activities, as demonstrated by gel shift annealing assays, decreasing in the order HIV-1 ϳ RSV > MLV Ͼ Ͼ HTLV-1. In addition, whereas HIV-1, RSV, and MLV NCs are effective aggregating agents, HTLV-1 NC, which exhibits poor overall chaperone activity, is unable to aggregate nucleic acids. Measurements of equilibrium binding to single-and double-stranded oligonucleotides suggested that all four NC proteins have moderate duplex destabilization capabilities. Single-molecule DNAstretching studies revealed striking differences in the kinetics of nucleic acid dissociation between the NC proteins, showing excellent correlation between nucleic acid dissociation kinetics and overall chaperone activity.
Retroviral nucleocapsid proteins (NCs) are small polypeptides containing a large number of basic residues and one or two invariant CCHC metal-ion binding motifs (11, 44, 52) . In particular, human immunodeficiency virus type 1 (HIV-1) NC is a 55-amino-acid protein containing a basic N-terminal domain and two zinc fingers separated by a short basic linker ( Fig. 1a) (27, 67, 89) . HIV-1 NC is a multifunctional nucleic acid binding protein that has been shown to play a role in numerous steps in the viral life cycle, including RNA genome dimerization (26, 39, 42, 85) , genomic-RNA packaging (13) , reverse transcription (22, 27, 89, 99) , tRNA primer annealing (20, 21, 29, 38, 47, 48, 86) , and DNA integration (19, 43) .
Many steps in the HIV-1 life cycle rely on NC's ability to function as a nonspecific nucleic acid chaperone that facilitates the rearrangement of nucleic acids into thermodynamically more stable conformational states (22, 53, 67, 89, 99) . The chaperone function of HIV-1 NC is derived from two independent activities, nucleic acid aggregation (66, 98) and weakduplex destabilization (7-10, 14, 23, 46, 47, 58, 79, 100, 101, 107, 110) , which are associated with the N-terminal cationic domain and the zinc fingers, respectively. Recently, rapid kinetics of nucleic acid dissociation was shown to be another key feature of NC's chaperone function (23) .
Whereas HIV-1 NC's nucleic acid chaperone activity has been extensively studied, relatively little is known about the chaperone activities of other retroviral NCs. In this work, complementary experimental approaches were used to compare the chaperone activity of HIV-1 NC (also known as NCp7) to those of Rous sarcoma virus (RSV) NCp12, Moloney murine leukemia virus (MLV) NCp10, and human T-cell lymphotropic virus type 1 (HTLV-1) NCp15 (Fig. 1a) . By studying the chaperone activities of various NCs, a better understanding of all retroviral NCs, as well as the differences between the retroviruses, will be obtained. The NCs shown in Fig. 1a were chosen for a number of reasons. First, there are distinct structural differences between them, including differences in the number of zinc fingers, the number and location of aromatic and basic residues, and the overall charge of the proteins. Second, the R terminal-repeat regions among the genomes of these retroviruses differ significantly in length and structural complexity. The complementary R regions present in minus-strand DNA and viral RNA are annealed following minus-strand strongstop DNA synthesis. HIV-1 NC has been shown to greatly stimulate this process by annealing and blocking a competing self-priming reaction (18, 33, 45, 51, 54, 65, 68) . Based on the structural differences in the R regions, the roles of the other retroviral NC proteins in minus-strand transfer and prevention of self-priming may differ significantly. Finally, the NC proteins studied in this work come from retroviruses belonging to four different genera, each of which is only distantly related to the other three.
Here, we examined the annealing kinetics of complementary hairpin molecules derived from the top of the 59-nucleotide (nt) trans-activation response element (TAR) hairpin se- quence that is part of the R region of the HIV-1 genome (Fig.  1b) using gel shift assays. The aggregation abilities of the different NCs were tested using a simple sedimentation assay. Fluorescence anisotropy (FA) measurements were performed to determine the relative binding affinities of these NC proteins to nucleic acids. Finally, single-molecule DNA-stretching studies were carried out to probe the effect of each protein on force-induced DNA melting, which provides information on the effects of different NCs on DNA duplex stability and on the kinetics of protein-DNA interactions.
MATERIALS AND METHODS
Protein and nucleic acid preparation. HIV-1 NC was prepared either by solid-phase synthesis (69) or by recombinant methods, as described previously (19, 46) . The gene for RSV NC was PCR amplified from the RCASBP(B) vector, a generous gift from Stephen H. Hughes (National Cancer Institute-Frederick, Frederick, MD) (55) and cloned into pET32a (Novagen, Madison, WI) using standard molecular biology methods. The resulting clone, pDB1023, expressed RSV NCp12 as a thioredoxin fusion and used an enterokinase (DDDK) cleavage site to liberate authentic RSV NCp12. The expression plasmid for MLV NCp10, pDB1056, was prepared by insertion of the MLV NC sequence (GenBank accession no. J02255) into pET32a with an enterokinase site encoded between thioredoxin and NC. The gene encoding HTLV-1 NCp15 was PCR amplified from a full-length HTLV-1 proviral plasmid, pCS-HTLV-1 (30) (a generous gift from David Derse, National Cancer Institute-Frederick), and cloned into pET32a to generate the plasmid pDR2559, which expresses HTLV NCp15 as a thioredoxin fusion with a tobacco etch virus protease cleavage site (ENLYFQ) (59, 60) to liberate authentic HTLV-1 NC. RSV, MLV, and HTLV-1 NCs were expressed, isolated, and purified essentially as described previously (19, 46) . The NCs were stored in lyophilized forms at Ϫ80°C. Prior to use, the proteins were resuspended in diethylpyrocarbonate (DEPC)-treated water or NC storage buffer [20 mM HEPES, 5 mM ␤-mercaptoethanol, 0.1 mM Tris(2-carboxyethyl)-phosphine hydrochloride, pH 7.5]. NC concentrations were determined by measuring the absorbance at 280 nm (A 280 ) and using the following extinction coefficients: HIV-1 NC, 6 and T4 polynucleotide kinase (New England Biolabs, Ipswich, MA) using standard protocols. The radiolabeled TAR constructs were purified on 16% denaturing polyacrylamide gels, dissolved in DEPCtreated water, and stored at Ϫ20°C.
Prior to use, the mini-TAR oligonucleotides were refolded in 25 mM HEPES, pH 7.5, and 100 mM NaCl at a concentration that was 100-fold greater than the final assay concentration. The oligonucleotides were incubated at 80°C for 2 min and cooled to 60°C for 2 min, followed by the addition of MgCl 2 to 10 mM and placement on ice for at least 5 min.
Annealing assays. Steady-state annealing assays were performed to determine the amount of NC required to reach saturating annealing levels. Solutions containing 15 nM refolded 32 P-labeled mini-TAR RNA and 45 nM refolded mini-TAR DNA in reaction buffer (20 mM HEPES, pH 7.5, 20 mM NaCl, 5 mM dithiothreitol, and 0.2 MgCl 2 ) were incubated for 5 min at 37°C. NC was then added to final concentrations varying from 0.5 to 5 M, and the reaction mixtures were incubated for 30 min at 37°C. The reactions were quenched by incubation with 1% (vol/vol) sodium dodecyl sulfate (SDS) for 5 min at room temperature, followed by placement on ice. Samples were extracted twice with 4:1 phenolchloroform and then analyzed on 15% SDS-polyacrylamide gels (375 mM TrisHCl, pH 8.8, 0.1% SDS, 19:1 [wt/vol] acrylamide-bisacrylamide) run at 25°C in Tris-glycine (25 mM Tris, 250 mM glycine, pH 8.3) running buffer. Following overnight exposure to phosphor screens, the gels were visualized using a Bio-Rad Molecular Imager FX and analyzed using Bio-Rad Quantity One software.
Annealing assays to determine the kinetics of mini-TAR RNA and DNA annealing were performed in the presence of 1.5 M HIV-1 NC (1.2 nt-to-NC ratio), 1.0 M RSV NC (1.8 nt/NC), 3.0 M MLV NC (0.6 nt/NC), or 3.0 M HTLV-1 NC (0.6 nt/NC). For assays carried out over a 30-min period, 5 nM or 15 nM mini-TAR RNA and various concentrations of mini-TAR DNA (indicated in the figure legends) were incubated for 5 min at 37°C in reaction buffer prior to the addition of NC. Following the addition of NC, aliquots from the reaction mixture were removed and quenched by the addition of SDS to a final concentration of 1% (vol/vol), incubated at room temperature for 5 min, and then placed on ice. Samples were analyzed as described above. For assays carried out over a 120-min period, separate reaction mixtures containing mini-TAR RNA and mini-TAR DNA in reaction buffer were prepared and preincubated at 37°C (unless otherwise noted in the figure legends) prior to the addition of NC. The reactions were quenched at the specified time points and analyzed as described previously.
Sedimentation/aggregation assays. Solutions containing refolded 32 P-labeled mini-TAR RNA (15 nM) and mini-TAR DNA (45 nM) were prepared in reaction buffer. NC was added to concentrations of 0.25, 0.5, 1.25, 2.5, and 5.0 M (7.2, 3.6, 1.4, 0.7, and 0.4 nt/NC, respectively), and samples were incubated at 37°C for 30 min. The samples were then centrifuged at 13,400 ϫ g (12,000 rpm; IEC Micromax RF) at 4°C for 20 min, and an aliquot of the supernatant (5 l) was analyzed by scintillation counting. The percent radioactivity remaining in solution relative to a sample measured in the absence of NC (set to 100%) was plotted as a function of the NC concentration.
FA experiments. Equilibrium binding of HIV-1, RSV, MLV, and HTLV-1 NCs to a 6-carboxyfluorescein (FAM)-labeled 20-nt single-stranded DNA (ssDNA) oligonucleotide (5Ј-FAM-CTTCTTTGGGAGTGAATTAG-3Ј) was examined using FA. The high-performance liquid chromatography-purified DNA oligomer (5Ј-FAM DNA20) was from TriLink Biotechnologies (San Diego, CA). Binding to the corresponding 20-nt RNA/DNA hybrid duplex was also measured. The high-performance liquid chromatography-purified RNA oligomer (5Ј-CUAAUUCACUCCCAAAGAAG-3Ј) was from Dharmacon. FA measurements were performed on an Analyst AD plate reader system (Molecular Devices, Sunnyvale, CA) using Corning 3676 low-volume 384-well black nonbinding-surface polystyrene plates. The reaction mixtures contained 20 nM 5Ј-FAM DNA20 or the RNA/DNA duplex, various concentrations of NC (0 to 10.2 M, i.e., to 0.04 or 0.08 nt/NC for DNA or DNA/RNA experiments, respectively), and a final buffer consisting of 20 mM HEPES, pH 7.5, 50 mM NaCl, 5 mM ␤-mercaptoethanol, 1 M ZnCl 2 , 100 M Tris(2-carboxyethyl)phosphine, and 1 mM dithiothreitol. Samples were excited at 485 nm, and the emission intensities at 530 nm from the parallel and perpendicular planes were measured. Equilibrium dissociation constants (K d ) were determined by fitting the FA signal, A, as a function of the protein concentration, C, with respect to K d using the following expression (25, 64, 70) :
where
is the fraction of oligonucleotides bound, D is the oligonucleotide strand concentration, and A B and A F are the anisotropy values of the fully bound and unbound oligonucleotides, respectively. R is the ratio of the fluorescence intensity of saturated bound oligonucleotide relative to free oligonucleotide, which accounts for changes in fluorescence intensity upon NC binding (25, 40, 70) . Equation 1 assumes 1:1 oligomer-protein binding. Single-molecule DNA stretching. The optical-tweezers instrument, preparation of biotinylated -DNA, and data acquisition were described previously (107, 110) . The DNA was labeled at the 3Ј ends so that it would be free to rotate when stretched. The buffer used for the force-induced melting experiments contained 50 mM Na ϩ (10 mM HEPES, 45 mM NaCl, and 5 mM NaOH, pH 7.5). The protein equilibrium dissociation constant, K d , was estimated as described previously (25) using the following equation:
where ␦F(c) is the change in the DNA force-induced melting transition width due to the addition of NC at the concentration c, ⌬F sat is ⌬F at saturating protein binding, and d(␦F(c))/1 dc is the slope of ␦F(c) versus c in the low-concentration (linear) region. The DNA force-induced melting transition width, ⌬F, is the force range where the force extension curve has the smallest slope corresponding to DNA elongation from its double-stranded to single-stranded form (25) . (Fig.  1a ) was studied by gel shift annealing assays using 32 P-labeled RNA (Fig. 1b, inset) . The predicted secondary structures of HIV-1 TAR RNA (NL4-3 isolate) and TAR DNA hairpins are shown in Fig. 1b . The mini-TAR constructs comprise the top portions of the TAR hairpins and contain the main structural features of TAR. Quantification of the band intensities provides the percentage of RNA molecules annealed as a function of time, P(t). In the absence of a protein chaperone, annealing of mini-TAR RNA and DNA involves the fast formation of an extended kissing-loop intermediate, followed by slow conversion to the product duplex (104) . The apparent kinetics of mini-TAR RNA/DNA annealing can be described by the following equation (104):
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Effects of different retroviral NC proteins on mini-TAR
Here, k f and k s are the high and low annealing rates, corresponding to formation of the intermediate and the fully annealed duplex, respectively, and f is the probability of intermediate formation. P ϱ is the equilibrium final percentage of RNA annealed. Under some experimental conditions (e.g., in the presence of saturating levels of HIV, RSV, or MLV NC), the hairpin annealing kinetics becomes effectively single exponential due to fast formation of the stable intermediate. In these cases, the data are fitted to a single-exponential equation:
where k is the annealing rate. Figure 2 compares the annealing of mini-TAR RNA/DNA hairpins in the presence of saturating concentrations of HIV-1, RSV, MLV, and HTLV-1 NCs. The amount of NC required to achieve saturated annealing is indicated in the legend to Fig. 2 and was determined by steady-state annealing assays, as described in Materials and Methods (data not shown). These data suggest that the chaperone activity decreases in the order HIV-1 NC ϳ RSV NC Ͼ MLV NC Ͼ HTLV-1 NC. The effective annealing rates and final percentages of RNA annealed differ considerably for the four NCs studied. Annealing in the presence of RSV NC results in higher plateau levels of duplex product than for HIV-1 NC, and an annealing rate, k, of ϳ1.0 min Ϫ1 , which is lower than the k observed for HIV-1, ϳ1.6 min Ϫ1 (Table 1) . For MLV NC, the annealing rate, 0.15 min Ϫ1 , and final annealing levels were markedly reduced relative to those observed for HIV-1 NC and RSV NC. Addition of HTLV-1 NC to the annealing reaction resulted in only minor stimulation of annealing relative to the reaction performed in the absence of protein, with an annealing rate of 0.008 min Ϫ1 . Since HTLV-1 NC is a very inefficient nucleic acid chaperone, the annealing kinetics was not investigated further using this method.
To gain further insights into the effects of HIV-1, RSV, and MLV NCs on mini-TAR RNA/DNA annealing, assays were performed in the presence of various DNA concentrations (D) (Fig. 3a to c) . Rates of mini-TAR RNA/DNA annealing were plotted as a function of D (Fig. 4) , and the effective bimolecular rate constant, k eff , was obtained from the initial slopes of these plots.
For mini-TAR RNA/DNA annealing in the absence of NC (104), the dominant low rate of annealing was proportional to D, and the effective bimolecular association rate constant was ϳ100 M Ϫ1 ⅐ s Ϫ1 (Table 1) . Addition of saturating amounts of HIV-1 NC resulted in ϳ1,000-fold overall rate enhancement (Table 1) , leading to a k eff of ϳ3 ϫ 10 5 M Ϫ1 ⅐ s Ϫ1 . At low D (Ͻ60 nM), the annealing rate with RSV NC was higher than with HIV-1 NC (Fig. 4) . However, at higher D, the opposite was true, resulting in a k eff of ϳ 6 ϫ 10 4 M Ϫ1 ⅐ s Ϫ1 for RSV NC (Table 1) .
For MLV NC, the annealing at all D values was slow compared to annealing with either HIV-1 or RSV NC (Fig. 3c) . Both the apparent reaction rate, k, and the k eff were significantly smaller (Table 1 and Fig. 4 ), suggesting that MLV NC is a relatively poor nucleic acid chaperone compared to HIV-1 or RSV NC. 
a k is the annealing rate measured at 37°C in the presence of 15 nM mini-TAR RNA annealing to 90 nM mini-TAR DNA (Fig. 2) . The NC concentrations used to achieve saturated binding were as follows: 1.5 M HIV-1 NC (1.2 nt/NC), 1 M RSV NC (1.8 nt/NC), 3 M MLV NC (0.6 nt/NC), and 3 M HTLV-1 NC (0.6 nt/NC). The data for no NC are taken from reference 104.
b k eff is the effective bimolecular rate constant calculated from the slope of k versus D at low D (Fig. 4) .
c ⌬H † is the enthalpy of the rate-limiting step of mini-TAR hairpin annealing determined by an Arrhenius analysis according to equation 5. (ii) Temperature dependence of mini-TAR RNA/DNA annealing. Mini-TAR hairpin annealing rates were enhanced with increasing temperature in both the absence and presence of HIV-1 NC, suggesting that melting of some portion of the mini-TAR hairpin secondary structure is in preequilibrium to bimolecular association (104) . A similar enhancement of annealing rates with increased temperature was observed in the presence of RSV and MLV NCs. The effect of increased temperature on mini-TAR RNA/DNA annealing in the presence of MLV NC is shown in Fig. 5a . The enthalpy values for the rate-limiting step of annealing, ⌬H † , were obtained according to the Arrhenius expression:
where R is the molar gas constant and T is temperature in Kelvin. The Arrhenius analysis is shown in Fig. 5b . ⌬H † is the enthalpy associated with the melting of base pairs that must occur in order for the binary complex to nucleate. The data indicate that all retroviral NCs produce similar reductions in melting enthalpy relative to the no-NC reaction (Table 1) . These results are consistent with the prediction that all retroviral NCs bind with more favorable enthalpy to single-stranded nucleic acids than to double-stranded nucleic acids.
(iii) Equilibrium stability of the mini-TAR RNA/DNA duplex. The annealing of mini-TAR RNA/DNA to form a complete duplex is driven by formation of nine new base pairs but is opposed by the entropy loss of one of the hairpins. Decreased stability of the annealed duplex, or lowering of the hairpin concentration, leads to a shift in equilibrium toward the reactants. In the absence of NC at long reaction times (i.e., hours or even days) (reference 104 and data not shown), equilibrium plateau levels of annealing are achieved that approach 100%. Therefore, the time courses for mini-TAR RNA/mini-TAR DNA annealing in the absence of NC are always fitted to equation 3, with P ϱ equal to 100. In contrast, in the presence of NC proteins, annealing remains incomplete at equilibrium due to NC-induced destabilization of the annealed duplex. In other words, NC proteins facilitate nucleic acid dissociation to VOL. 82, 2008 COMPARATIVE STUDIES OF HIV, RSV, MLV, AND HTLV NCsan even greater extent than annealing. Therefore, while the equilibrium in the presence of NC proteins is achieved much faster than in the absence of protein, the amount of product is smaller. In this case, the percentage of mini-TAR RNA annealed at equilibrium, P ϱ , can be used to estimate the free energy of annealing: (6) where K d mTAR is the dissociation constant of the fully annealed duplex.
The free-energy values for mini-TAR annealing calculated from measured P ϱ values according to equation 6 are presented in Fig. 6a as a function of D. The lines in the figure represent fits of these data using the second equality in equation 6 and K d mTAR as the fitting parameter. The K d mTAR values obtained suggest that the annealed duplex in the presence of the retroviral NCs is relatively stable, with the highest stability observed for RSV NC ( Table 2 ). The theoretical ⌬G(D) dependence (i.e., the lines in Fig. 6a ) describes the measured ⌬G(D) values (i.e., the symbols in Fig. 6a ) quite well. This result supports the hypothesis that the change in equilibrium Table 2 , where ⌬G 37 is the annealing free energy at 37°C.
annealing with D in the presence of NC is a result of changing stability of the annealed duplex. The accuracy of the ⌬G determination is not very high due to variability in measured P ϱ levels between individual assays. Nevertheless, the ⌬G values provide insights into the relative duplex-destabilizing abilities of HIV-1, RSV, and MLV NCs. The annealed mini-TAR duplex is most stable in the presence of RSV NC, suggesting that RSV NC does not destabilize nucleic acid base pairs as efficiently as HIV-1 NC. HIV-1 NC and MLV NC appear to be very similar in their duplex-destabilizing abilities.
The effects of the different NCs on the enthalpy, ⌬H, and entropy, ⌬S, of annealing were determined by measuring the equilibrium annealing levels, P ϱ , of mini-TAR as a function of temperature. The P ϱ values were used to calculate the annealing free energies, ⌬G, according to equation 6, and then ⌬G was fitted as a function of temperature to the general thermodynamic relationship:
The estimated ⌬G values, along with the fits to equation 7, are presented in Fig. 6b , and the resulting thermodynamic parameters are summarized in Table 2 . As observed for HIV-1 NC, MLV NC strongly reduced the melting enthalpy and entropy of the annealed duplex. The effects of HIV-1 NC and MLV NC on the thermodynamic parameters of duplex melting were almost indistinguishable from each other within the accuracy of these measurements ( Fig. 6b and Table 2 ). While RSV NC also significantly reduced the melting enthalpy, it had less of an effect on the melting entropy than HIV-1 or MLV NC. As discussed previously, the physical reason for the reduction in ⌬H and ⌬S in the presence of NC is likely due to the favorable enthalpy of NC interaction with single-stranded nucleic acids, which stabilizes the melted state, coupled with a loss of entropy upon NC binding to single-stranded nucleic acids (104) . The combination of these two effects results in moderate duplex destabilization, since the protein's effect on the melting enthalpy is slightly stronger than its effect on the entropic component. Thus, the results obtained here suggest that RSV NC may not stabilize the melted state as effectively as HIV-1 NC and that RSV NC-bound single-stranded nucleic acids are more mobile in solution. In summary, analysis of the equilibrium mini-TAR RNA/DNA annealing levels in the presence of HIV, RSV, and MLV NCs suggests that the duplex-destabilizing abilities of NC proteins decrease in the following order: HIV ϳ MLV Ͼ RSV.
Effects of different retroviral NC proteins on mini-TAR RNA/DNA aggregation. To directly examine the aggregation abilities of the four retroviral NCs, a sedimentation assay was used to measure the fraction of aggregated mini-TAR molecules as a function of the NC concentration under the same conditions used in the gel shift annealing assays (Fig. 7) . The results suggest that all NC proteins, except for HTLV-1 NC, effectively aggregate nucleic acids upon saturated binding at ϳ1 M. The results obtained for HIV-1 NC are consistent with previous findings (66, 98, 104) . RSV NC appears to be slightly more effective at aggregating nucleic acids than HIV-1 NC, and these results are consistent with its ability to effectively facilitate the bimolecular-association step (k values in Table 1 ). MLV NC also exhibits good aggregation activity at concentrations of Ն1 M, despite the fact that this NC is significantly less effective at facilitating the bimolecular-association step than HIV-1 NC or RSV NC (compare the k values in Table 1 ). Interestingly, a previous study showed that the morphologies of nucleic acid aggregates formed in the presence of HIV-1 NC differ from those of MLV NC (77) . Strikingly, HTLV-1 NC lacks any detectable nucleic-acid-aggregating activity in the range of concentrations studied (i.e., up to 5 M NC). In contrast to the other NC proteins, which are highly charged cationic proteins, HTLV-1 NC is neutral (pI, ϳ7) at physiological pH. The C-terminal domain of HTLV-1 NC contains a high density of acidic residues, whereas the majority of the basic residues are concentrated in the N terminus and zinc finger domains (Fig. 1a) . Therefore, HTLV-1 NC's inability to aggregate nucleic acids is consistent with the electrostatic model of NC-induced nucleic acid aggregation (81, 92) . Nucleic acid binding studies of different retroviral NC proteins. FA was used to examine the binding of HIV-1, RSV, MLV, and HTLV-1 NCs to a 20-nt ssDNA oligonucleotide and a 20-bp double-stranded RNA/DNA (dsRNA/DNA) hybrid duplex (Fig. 8) . The K d values determined from these measurements are listed in Table 3 . The K d ss and K d ds values for the NC proteins differ from each other by less than ϳ4-fold and ϳ7-fold, respectively. In addition, for each NC studied, the K d ss is two-to threefold smaller than K d ds , with the exception of HTLV-1 NC, where the difference is closer to fourfold. The binding strengths of the proteins decrease in the order HIV-1 NC Ͼ RSV NC Ͼ MLV NC Ͼ HTLV-1 NC for both the ssDNA and the dsRNA/DNA duplex. These binding measurements were carried out using a fairly random nucleic acid sequence in order to minimize sequence-specific binding effects. Although NCs generally bind nucleic acids nonspecifically, HIV-1 NC (2-4, 28, 40, 41, 105) and MLV NC (31, 35, 36) have an ϳ10-fold preference for single-stranded TG-or UG-rich sequences, and RSV NC has a preference for G residues (12, 31, 97, 105, 112, 113) .
Duplex destabilization by retroviral NC proteins. Stronger binding to single-stranded versus double-stranded nucleic acids is characteristic of proteins that induce duplex destabilization (75) . Assuming a similar site size of 6 nt (or 3 bp) (25, 32, 40, 41, 61, 62, 78, 100, 101, 105, 111) for binding to singlestranded and double-stranded sequences, the maximum duplex destabilization free energy by NC protein, ␦G, per base pair can be approximated according to equation 8 (75):
Values for the base pair destabilization free energies were calculated using equation 8, and the K d ss and K d ds values are given in Table 3 . The destabilization free energy per base pair, ␦G, values for different retroviral NC proteins range between Ϫ0.3 and Ϫ0.5 kcal/mol/bp (Table 3 ). For HIV-1 NC, this estimate is consistent with other studies (when extrapolated to the present salt conditions) (7-9, 14, 23, 25, 57, 58, 101, 107, 110) . To the best of our knowledge, there are no reported estimates of this quantity for the other retroviral NCs.
Interestingly, the NC-induced destabilization free energies calculated for the four retroviral NCs studied here are rather similar, with the ␦G value for HIV-1 NC at the lower end and that for HTLV-1 NC at the higher end of the range. The accuracy of ␦G is limited by errors in the K d measurements. The FA curves obtained were fitted assuming a single binding site per oligonucleotide (see Materials and Methods), although it is likely that there are multiple NC binding sites, especially considering that 20-nt single-stranded and double-stranded sequences were used. Another source of uncertainty in ␦G is the assumption in equation 8 that the NC binding site sizes for single-stranded and double-stranded nucleic acids are the same. Nevertheless, these estimates of NC-induced duplex destabilization are generally consistent with the results of the annealing assays (Fig. 6 ). Due to its weak overall annealing activity, a detailed kinetic analysis of HTLV-1 NC could not be carried out using the gel shift assay, yet interestingly, this retroviral NC protein has the lowest ␦G value and is therefore expected to display stronger duplex destabilization activity than HIV-1 NC (Table 3) . Ensemble and single-molecule fluorescence resonance energy transfer-based studies have been carried out to directly probe the destabilization activity of HTLV-1 NC, and the results are consistent with this hypothesis (M. Mitra, I. Rouzina, and K. Musier-Forsyth, unpublished observations; Q. Darugar, H. Kim, R. J. Gorelick, and C. Landes, unpublished data).
Taken together, the average duplex-destabilizing effect measured for all four retroviral NC proteins was as follows: ␦G ϭ TABLE 3. Duplex destabilization free energies and apparent equilibrium dissociation constants for binding of retroviral NC proteins to single-stranded and double-stranded nucleic acids c K d values determined from -DNA stretching are derived from protein titrations in solutions containing 50 mM NaCl (HIV-1, RSV, and MLV) or 6.2 mM NaCl (HTLV-1) as described in Materials and Methods. In these determinations, the K d is an average value between ss-and dsDNA binding, with a larger contribution from ssDNA. Ϫ0.43 Ϯ 0.1 kcal/mol/bp. This is a rather moderate effect, considering that the average melting free energy per base pair at 37°C is ϳ2 kcal/mol/bp for DNA and ϳ3 kcal/mol/bp for RNA duplexes (17, 95) . However, it is sufficient to lead to the strong effects of some NC proteins on both the kinetics and equilibrium annealing levels of the TAR hairpins. The overall effect of a chaperone protein on duplex stability is expected to be similar to the effect of increasing the solution temperature according to equation 9:
where the entropy of melting, ⌬S, is assumed to be 0.025 kcal/mol/K/bp (56, 95) . Thus, the addition of saturating NC has the same effect on duplex stability as heating the solution by ϳ18°C, which is an alternative way to facilitate nucleic acid refolding without melting the final lowest energy state (106) . DNA-stretching studies with different retroviral NC proteins. The small differences in the duplex-destabilizing abilities of the four NC proteins cannot account for the marked differences in their chaperone activities (Fig. 2) . In addition, with the exception of HTLV-1 NC, the NC proteins studied here exhibited similar aggregation abilities. To gain further insights into the differences in the thermodynamics and kinetics of NC-nucleic acid interactions, we performed single-molecule DNA-stretching experiments (23-25, 74, 82-84, 93, 96, 103, 107-110) . In these studies, double-stranded -DNA is tethered between two beads, and force is applied to stretch the DNA through the helix-coil transition. The effect of HIV-1 NC on the force-induced melting transition of -DNA has been extensively studied (23-25, 107, 110) . Briefly, binding of HIV-1 NC results in significant broadening of the melting transition (compared to the DNA-only curve, which displays a sharp plateau at ϳ60 pN) and a reduction in the force required to stretch -DNA (Fig. 9a) . The small hysteresis, that is, the lack of an exact match between the stretching and relaxation curves, is a sign of the fast kinetics of HIV-1 NC binding and dissociation to ds-and ssDNA on the time scale of the experiment. The high reproducibility of the stretching curves with repeated cycles and various pulling rates is indicative of an equilibrium process in which HIV-1 NC is able to rapidly adjust to changes in DNA structure (23) .
The DNA stretching curves in the absence and presence of saturating amounts of each of the four NC proteins examined here are presented in Fig. 9 . RSV NC binding results in a dsDNA melting transition that remains highly cooperative and occurs at a force that exceeds the melting force measured in the absence of protein by ϳ5 pN (Fig. 9b) . A possible mechanism for this apparent duplex stabilization may involve changes in the elastic properties of ssDNA upon RSV NC binding. Similar to HIV-1 NC, RSV NC produces little hysteresis in the stretching cycle upon saturated DNA binding. In addition, RSV NC also produces a small but reproducible increase in the force at DNA extensions below the -DNA contour length (0.34 nm/bp). These two features signify fast kinetics of protein-DNA interaction and the ability to very effectively aggregate DNA, respectively, and are consistent with RSV NC's efficient facilitation of mini-TAR RNA/DNA annealing ( Table 1 and Fig. 4 and 7) . Saturation with MLV NC results in broadening of the DNA melting transition and a large hysteresis that increases at higher NC concentrations (Fig. 9c) . This large hysteresis indicates slow reannealing of the DNA strands after the release of tension. MLV NC destabilizes duplexes ( Fig. 6 and Table 1 ) and aggregates nucleic acids quite efficiently (Fig. 7) . Based on the results of the DNA-stretching assay, the reduced chaperone activity of MLV NC appears to be due to the relatively slow kinetics of MLV NC dissociation from single-stranded nucleic acids, which would be expected to inhibit duplex-closing events.
The effect of HTLV-1 NC on the DNA-stretching profile differs considerably from those of HIV-1, RSV, and MLV NCs (Fig. 9d) . HTLV-1 NC has little effect on the transition width but reduces the force required for DNA melting. Strikingly, the HTLV-1 NC-stretching curve exhibits the greatest amount of hysteresis observed for any NC we have studied. This result implies that HTLV-1 NC preferentially binds ssDNA and, once bound, dissociates slowly, thereby completely preventing strand reannealing on the time scale of the experiment. The features of the HTLV-1 NC DNA stretching and relaxation curves are very similar to the DNA-stretching behavior in the presence of ssDNA binding proteins (SSBs), such as bacteriophage T4 gene 32 protein (gp32) (82) (83) (84) 93) and bacteriophage T7 gene 2.5 protein (gp2.5) (96) . DNA-stretching studies have demonstrated that SSBs bind dsDNA very poorly and dissociate from ssDNA very slowly (82-84, 93, 96) . In the case of gp32, its slow dissociation is due to the cooperativity of protein binding to ssDNA resulting from "head-to-tail" protein-protein interactions (83) . In the case of HTLV-1 NC, it is plausible that the bound proteins interact in a similar fashion, with the cationic N-terminal domain of one NC binding to the anionic C-terminal domain of an adjacent NC molecule. Previously, fluorescence studies demonstrated that HTLV-1 NC binds nucleic acids with modest cooperativity (78) . Such binding cooperativity might explain the slow dissociation of HTLV-1 NC from ssDNA. Taken together, these data suggest that the SSB-type properties of HTLV-1 NC are responsible for its poor performance as a nucleic acid chaperone.
DNA-stretching results were also used to estimate equilibrium dissociation constants ( (Table 3 , column 2) than for double-stranded binding (column 3). Interestingly, although the absolute values differ, the relative trends in strengths of binding to polymeric -DNA between the NC proteins is similar to the relative affinities measured for binding to a 20-nt ssDNA oligonucleotide (i.e., HIV-1 Ͼ RSV Ͼ MLV Ͼ HTLV-1 NC).
DISCUSSION
In this work, the chaperone activities of HIV-1, RSV, MLV, and HTLV-1 NCs were characterized using complementary experimental approaches. Gel shift annealing assays demonstrated that the overall chaperone activities of the NC proteins studied decrease in the order HIV-1 NC ϳ RSV NC Ͼ MLV NC Ͼ Ͼ HTLV-1 NC (Fig. 2) . Furthermore, detailed analysis of hairpin-annealing time courses as a function of the DNA concentration and temperature provide additional insights into how NC proteins differ in their nucleic acid chaperone activities. RSV NC effectively facilitates the bimolecular-association step of mini-TAR RNA/DNA annealing, suggesting that it is a better aggregating agent than HIV-1 NC. Overall, MLV NC is less efficient in facilitating both bimolecular association and conversion to the extended duplex. Thermodynamic analysis suggests that HIV-1 and MLV NCs are similar to each other and only slightly better than RSV NC at duplex destabilization, while all three reduce the melting enthalpy and entropy of the duplex.
Sedimentation assays demonstrated that HIV-1, RSV, and MLV NCs efficiently aggregate nucleic acids under saturating conditions (Ͼ1 M protein), whereas HTLV-1 NC lacks nucleic-acid-aggregating capability. We hypothesize that HTLV-1 NC is unable to aggregate nucleic acids due to its overall neutral charge. Experiments in our laboratory have demonstrated that removal of the C-terminal cationic domain of HTLV-1 NC restores aggregation and chaperone activity (K. Stewart-Maynard, I. Rouzina, and K. Musier-Forsyth, unpublished data). Furthermore, measurements of equilibrium binding of the four NC proteins to 20-nt ssDNA and a dsRNA/ DNA hybrid duplex suggest that the duplex-destabilizing abilities of the NC proteins studied here are similar. Interestingly, despite its poor overall chaperone activity, HTLV-1 NC appears to be a very effective duplex-destabilizing agent.
The observed differences in duplex destabilization and nucleic acid aggregation cannot fully account for the differences in nucleic acid chaperone activities between the four retroviral NC proteins. For instance, saturating concentrations of MLV NC aggregate nucleic acids as effectively as HIV-1 and RSV NC, and MLV's duplex destabilization capability is also similar to those of HIV-1 and RSV NCs. However, gel shift assays demonstrated that MLV NC does not facilitate mini-TAR RNA/DNA annealing as efficiently as HIV-1 or RSV NC. The rates of protein dissociation from ssDNA, revealed by single-molecule DNA-stretching experiments, decrease in the order RSV NC Ն HIV-1 NC Ͼ Ͼ MLV NC Ͼ Ͼ HTLV-1 NC, which closely parallels their chaperone activities (Fig. 2) . These results support the notion that the fast kinetics of proteinnucleic acid interaction is another major component of the NC nucleic acid chaperone function (23) .
NC's ATP-independent chaperone function requires stoichiometric binding to facilitate nucleic acid aggregation and maximal duplex destabilization (104) . High-affinity binding, in combination with fast kinetics, is a feature of cationic binding to nucleic acids in a predominately electrostatic mode (5, 16, 49, 50, 63, 71, 88, 90, 91) . Such electrostatic binding leads to the formation of protein-induced nucleic acid aggregates that are characterized by high mobility of nucleic acid and protein (5, 15, 16, 50, 63, 80, 87, 92, 94, 102) , thereby strongly facilitating the bimolecular steps of nucleic acid annealing. However, purely electrostatic binding results in stabilization of the double-stranded, rather than the single-stranded, form of nucleic acids (17) , whereas duplex destabilization requires preferential binding to the single-stranded form. For HIV-1 NC, destabilization is facilitated, in part, by partial stacking of two conserved aromatic residues within the zinc finger domains (Fig. 1a) with nucleic acid bases (2) (3) (4) 28) . RSV (112, 113) and MLV (31, 34) NC proteins also engage in similar interactions. While this binding leads to duplex destabilization, it is also expected to result in reduced dissociation kinetics. HIV-1 NC appears to have optimized these contradictory properties; it is a moderate duplex destabilizer, displaying rapid nucleic acid interaction kinetics and high aggregating ability. RSV NC is an even better aggregating agent and exhibits rapid binding kinetics, but it appears to be a relatively poor duplex destabilizer (Fig. 6, 7 , and 9 and Table 1 ). MLV NC aggregates and destabilizes duplexes effectively (Fig. 6 ). However, due to its slow dissociation kinetics (Fig. 9) , the protein is a less effective chaperone (Fig. 2) . Recent studies support the conclusion that MLV NC is a less effective annealing agent than HIV-1 NC, despite the fact that it has similar binding and destabilization capabilities (37) . MLV NC was also shown to reduce the rate of HIV-1 reverse transcription (76) and to induce DNA aggregates of lower density than HIV-1 NC (77) .
The chaperone properties of HTLV-1 NC differ substantially from those of the other retroviral NCs. Despite the fact that this deltaretroviral NC is a relatively strong duplex destabilizer, the neutral protein does not cause nucleic acid aggregation. Our DNA-stretching data suggest that HTLV-1 NC's extremely slow nucleic acid dissociation kinetics is likely the major factor leading to the poor chaperone properties observed in vitro (Fig. 2) . The implications of these findings for RNA packaging and reverse transcription in vivo remain to be explored, and additional studies using HTLV-1 NC protein variants are currently under way.
In this work, we have investigated the effects of different retroviral NC proteins on a reaction that models the TAR RNA/DNA annealing that occurs during the minus-strand transfer step of HIV-1 reverse transcription. However, the R regions of the four retroviruses differ in length, sequence, and structural stability. For example, the R region of RSV is only 21 nt long and lacks significant secondary structure (1) . Therefore, one can speculate that the somewhat weaker duplexdestabilizing ability of RSV NC coevolved with the unstructured R region of the retrovirus. The 68-nt R region of MLV is comparable in length to the 98-nt R region of HIV-1 and folds into several hairpins with stability comparable to that of HIV-1 TAR. This observation is consistent with the similar duplex-destabilizing capabilities of these NC proteins.
Given the poor chaperone activity of HTLV-1 NC relative to the other retroviral NCs examined here, it is surprising that the HTLV-1 R region contains 228 nt and folds into a complex secondary structure (6) . The chaperone function of HTLV-1 NC may be regulated by other factors in vivo, possibly involving a conformational change of the protein's unique acidic C-terminal domain. Alternatively, other host or viral proteins may be involved in chaperoning key steps in reverse transcription in this retrovirus. Clearly, additional studies of the chaperone activities of different NC proteins using substrates that mimic their respective R regions are needed to better understand the biological roles of the observed differences in chaperone properties.
